エンガイ キチャク ハドウ モンダイ ノ キホンカイ キンジ カイホウ ノ リロン ジッサイ オウヨウ カイセキガク ニ オケル モンダイ ノ ケイサンキ ニヨル カイホウ by 千葉, 文浩 et al.
Title円外帰着波動問題の基本解近似解法の理論・実際・応用(解析学における問題の計算機による解法)
Author(s)千葉, 文浩; 牛島, 照夫; 大關, 正己




Type Departmental Bulletin Paper
Textversionpublisher
Kyoto University
*A Fundamental Solution Method Applied to Reduced Wave Problems
in a Domain Exterior to a Disc
– Theory, Practice and Application –
(CHIBA, Fumihiro)\dagger , (USHIJIMA, Teruo)\ddagger
(OHZEKI, Masami)\S
\dagger
(Faculty of Electro-Communications, The University of Electro-Communications),
\ddagger (Professor Emeritus, The University of Electro-Communications),
\S (FUJI Film Inc.)
Abstract
Our fundamental solution method (FSM) gives an analytic representation of the
approximate solution for the reduced wave problem in the exterior region of a disc.
The asymptotic behavior of this representation yields an approximate formula for the
scattering amplitude. The following theoretical results are mentioned without proof:
the solvability of the approximate formula, an error estimate of the approximate so-
lution, some thmretical results for scattering amplitude, an approximate formula of
scattering amplitude, and an error estimate of the approximate formula of scattering
amplitude. In the last two sections of this paper, we show the results of our numerical
tests for the FSM and an FEM-FSM combined method. The FEM-FSM combined
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. $a,$ $k$ , ( )
. , $\Omega_{e}$ $\Gamma_{a}$
.
$\Omega_{e}=\{r\in \mathbb{R}^{2};|r|>a\},$ $\Gamma_{a}=\{a\in \mathbb{R}^{2};|a|=a\}$ .
, , ,
3 , $(E_{f})$ .
$(E_{f})\{\begin{array}{ll}-\Delta u-k^{2}u=0 in \Omega_{e},u=f on \Gamma_{a},\lim_{rarrow\infty}\sqrt{r}\{\frac{\partial u}{\partial r}-iku \}=0.\end{array}$
, : $ffl\partial^{2}u=\Delta u$




$u(r)= \sum_{n=-\infty}^{\infty}f_{n}\frac{H_{n}^{(1)}(kr)}{H_{n}^{(1)}(ka)}e^{i\mathfrak{n}\theta}$ for $r\geq a$ . (1)




$A( \theta)=\sum_{n=-\infty}^{\infty}\sqrt{\frac{2}{\pi k}}e^{-i\frac{2n\neq 1}{4}\pi}\frac{f_{n}}{H_{n}^{(1)}(ka)}e^{in\theta}$ (2)
. , .
$u(r) \sim\frac{e^{ikr}}{\sqrt{r}}A(\theta)$ as $rarrow\ovalbox{\tt\small REJECT}\ovalbox{\tt\small REJECT}$. (3)
3
3.1
$N$ , . $\rho$
$(0<\rho<a)$ . $\Gamma_{a}$ . $a_{j}$ $\beta j$
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1 $(\Gamma_{a})=$ , $=$
. ( 1 )




, $(r, \theta)$ $(\rho, \theta_{j})$ $re^{i\theta}$ $\rho e^{i\theta_{j}}$
, 1 $H_{0}^{(1)}(\cdot)$ , $G_{j}(r)$
.
$G_{j}(r)=H_{0}^{(1)}(k|re^{i\theta}-\rho e^{i\theta_{j}}|)$ , $0\leq j\leq N-1$ .
(Ef) $(E_{f}^{(N)})$ . $(a, \theta_{j})$
.
$(E_{f}^{(N)})\{\begin{array}{l}u^{(N)}(r)=\sum_{j=0}^{N-1}Q_{j}G_{j}(r)u^{(N)}(a_{j})=f(a_{j}),0\leq j\leq N-1\end{array}$
$Q_{j}$ ? $(E_{f}^{(N)})$ $Q_{j}$
.
:
$\gamma=\frac{\rho}{a}$ , $\delta=\frac{r}{a}$ , $\kappa=ka$ .
, $\kappa$ . ,
.




$g(\theta)=H_{0}^{(1)}(\kappa|1-\gamma e^{-i\theta}|)$ . (5)
, Graf [26] .
$g( \theta)=\sum_{n=-\infty}^{\infty}H_{n}^{(1)}(\kappa)J_{n}(\gamma\kappa)e^{in\theta}$.
$g(\theta)$ $g_{n}$ .
$g_{n}=H_{n}^{(1)}(\kappa)J_{n}(\gamma\kappa)$ for $n\in \mathbb{Z}$ . (6)
1 $\kappa$ . $\gamma\in(0,1)$ $g(\theta)$
(g) .
(g) $g_{n}\neq 0$ for $n\in \mathbb{Z}$ .




$G_{n}^{(N)}= \frac{1}{N}\sum_{j=0}^{N-1}g(\theta_{j})e^{-in\theta_{j}}$ . (7)
(g) , $N_{0}$ , $(G^{(N)})$ $N\geq N_{0}$
. , $N_{0}$ $\kappa$ $\gamma$ .




$Q_{j}= \frac{1}{N}\sum_{k=0}^{N-1}\frac{F_{k}^{(N)}}{c_{k}^{(N)}}e^{ij\theta_{k}}$ for $0\leq j\leq N-1$ (8)
. $F_{k}^{(N)}$ .




2 $f$ $f_{n}$ , $g$ $g_{n}$
, $f$ $|||q$
.
$|||q|||= \sup_{n\in Z}|\frac{f_{n}}{g_{n}}|<\infty$ .
2 1 2 , $N_{0}$ , $N\geq N_{0}$ ,
.
$\sup_{|r|\geq a}|u(r)-u^{(N)}(r)|<\frac{900|||q|||}{\pi(1-\gamma)}\frac{\gamma^{N/2}}{N}$ . (10)
$N_{0}$ $\kappa$




3 2 , (J) $u(r)$ $r\geq a$
$\theta\in[0,2\pi]$ .
4 2 , ( $A(\theta)$ $\theta\in[0,2\pi]$
.
5 2 , .
$A( \theta)=\lim_{rarrow\infty}(\frac{e^{ikr}}{\sqrt{r}})^{-1}u(r)$ .
$\theta\in[0,2\pi]$ .
1 $u(r)$ $A^{(N)}(\theta)$ .
$r$ $(r, \theta)$ .
$A^{(N)}( \theta)=\lim_{rarrow\infty}(\frac{e^{ikr}}{\sqrt{r}})^{-1}u^{(N)}(r)$ .
, $u(r)$ $u^{(N)}(r)$ $A^{(N)}(\theta)$ .
6 $(G^{(N)})$ , $A^{(N)}(\theta)$ .
$A^{(N)}( \theta)=\sum_{j=0}^{N-1}\sqrt{\frac{2}{\pi k}}e^{-i_{f}^{n}}Q_{j}e^{-i\kappa\gamma\cos(\theta-\theta_{j})}$ with $\theta_{j}=\frac{2\pi j}{N}$ . (11)
$Q_{j}$ (8) .
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7 $(G^{(N)})$ , $N0$ $N\geq N_{0}$
.
$\sup_{0\leq\theta\leq 2\pi}$ I $A( \theta)-A^{(N)}(\theta)|<\sqrt{\frac{2}{\pi k}}\sup_{n\in Z}|H_{n}^{(1)}(\kappa)|^{-1}\frac{900|||q|||\gamma^{N/2}}{\pi(1-\gamma)N}$ .
$N_{0}$ $\kappa$




. , (IEEE754[10]) . ,














$|f_{n}|\leq C|g_{n}|$ for $n\in \mathbb{Z}$
. , 2 , 2 .
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712
, (7), (8), (9)
$Q_{j}$ . , $\Gamma_{a}$
.
$N$ , $NN$ ,





$E^{(NN)}(N)=0< \leq NN-1\max_{\lrcorner}|u(\tilde{a}_{j})-u^{(N)}(\tilde{a}_{j})|$ , $\tilde{a}_{j}=ae^{i\theta_{j}^{\sim}}$ , $\theta_{j}^{\sim}=\frac{2\pi j}{NN}$ . (12)
, 4 , 2 .
, $\kappa=1,10,100$ ,1000
. 30 , 1600 .
, $\gamma=0.1,0.3,0.5,07,09$ . $\gamma$
, 2 . (12) 10 ,
.
$N$ , $(\kappa=1,10)$ , 1600
, $\kappa=100$, 1000 1600
. , $\gamma$ , .
$\gamma$ , .
$\kappa=1000$ 30 , $\gamma=0.9$ $N$ }r1O
.
7.2 2:









$u_{i}(r)=e^{ikx}$ , $k=5$ 50 . 1











$|u_{t}(r)|$ , $U_{t}(r)$ . $R$
$(R, \theta)$ .
$0 \leq U_{t}(r)=\frac{|u_{t}(r)|}{1\leq R\leq 3,0\leq\theta\leq 2\pi\max|u_{t}(R)|}\leq 1$ .
$U_{t}(r)$ $0$ 1
, . , 0( )
, 1( ) .
, . ,
. (shadow)






$u_{i}(r)$ $u(r)$ $f=-u_{i}(a)$ $(E_{f})$









2 $S$ , $\sigma^{(N)}(\theta)$ .
$\sigma^{(N)}(\theta)=2\pi|A^{(N)}(\theta)|^{2}$ .
7.3.2
, $u_{i}=e^{ikx}$ , $f=-e^{i\kappa}$cose . (
3 . ) 2 , 7
.
$\kappa=5,50$,500 , .
$N$ . . ,






















. , Steklov ($DtN$ )
. ,




$O$ $xy$ $\Gamma$ . $\Gamma$ $\Omega$
. , xyz $\tilde{\Omega}$ .
$\tilde{\Omega}=\Omega x(-h, 0)$ .
$\tilde{\Omega}$ $\tilde{\Gamma}0$ $\tilde{\Gamma}_{1}$ .
Fo $=$ Fx $\{0\}$ ,
$\tilde{\Gamma}_{1}$ $=$ $\tilde{\Gamma}_{a}\cup\tilde{\Gamma}_{b}$ with $\tilde{\Gamma}_{a}=\Gamma x(-h,0)$ and $\tilde{\Gamma}_{b}=\Omega x\{-h\}$ .
(Stoker[20]) , $\tilde{\Omega}$ ,
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$\Phi$ .
(LWW) $\{\begin{array}{ll}-\Delta\Phi = 0 in \tilde{\Omega},\Phi_{tt}+g\frac{\partial\Phi}{\partial n} = G on \tilde{\Gamma}_{0},\frac{\partial\Phi}{\partial n} = 0 on \tilde{\Gamma}_{1},\Phi|_{t=0} = \Phi^{1} on \tilde{\Gamma}_{0},\frac{\partial\Phi}{\partial t}|_{t}-\sim = \Phi^{0} on \tilde{\Gamma}_{0}.\end{array}$
$G$ $\tilde{\Gamma}_{0}$ $F$ $G=_{F}^{\partial F}$
. , $g$ . $z$ $\zeta$ .
$(=- \frac{1}{g}(\frac{\partial\Phi}{\partial t}-F)|_{\tilde{\Gamma}_{0}}$ .
$G$ , $G=0$ , (LWW) .
$\Phi=e^{-itw}\varphi(x, y)Z(z)$ with $\omega\in R$ .
(LWW) 3 (HLWW) .
, $\Phi$ (HLWW) . $\Phi$ , (e)
(b) .
(e) $\{\begin{array}{l}\Delta\varphi+k^{2}\varphi=0\Omega\partial\varphi=0\Gamma\overline{\partial n}\end{array}$
(b) $\{\begin{array}{ll}Z’’-k^{2}Z = 0, -h<z<0,Z’(0)-\lambda Z(0) = 0,Z’(-h) = 0.\end{array}$
Stoker[20] , .
1 $k$ , (e) $\varphi(x$ , .
$Z$ (b) $k$ $\lambda$ . $\lambda=k\tanh(kh)$
, $\Phi=e^{-itw}\varphi Z$ , $\omega=\sqrt{g}$ ($H$ WW) .
, : $\omega^{2}=gk\tanh(kh)$ .
8.2





$-\Delta u-k^{2}u=0$ in $\Omega$ ,
$\frac{\partial u}{\partial n}=g$ on $\Gamma$ ,
$\lim_{farrow\infty}\sqrt{r}\{\frac{\partial u}{\partial r}-iku\}=0$ .
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$\Gamma$ $\Omega$ , $g$
$g=- \frac{\partial}{\partial n}e^{i(lx+my)}$ on $\Gamma$
.
8.3 FEM-FSM
$\Gamma_{a}$ $\Omega$ $\Gamma$ $\Omega_{t},$ $\Gamma_{a}$ $\Omega_{e}$ . ,
(E) $(E_{g})$ $(F_{d})$ .
Au , 21 $(E_{f})$ $u$ , $\Gamma_{a}$ $u(a)$ $\tau_{n}^{u(a)}\theta$
Steldov . $ffi\partial$ $\Gamma_{a}$ .
$\Omega_{e}$ , $\Gamma_{a}$ .
$(E_{g})\{\begin{array}{ll}-\triangle u-k^{2}u=0 in \Omega_{i},\frac{\partial u}{\partial n}=g on \Gamma,\frac{\partial u}{\partial n}=-\Lambda u on \Gamma_{a}.\end{array}$
$(F_{d})\{\begin{array}{l}-\triangle u-k^{2}u=0\Omega_{e}u=f\Gamma_{a}\lim_{rarrow\infty}\sqrt{r}\{\frac{\partial u}{\partial r}-iku\}=0\end{array}$
$(F_{d})$ $f$ $(E_{g})$ $u$ $\Gamma_{a}$
. $(E_{g})$ $\Omega_{i}$
. $(E_{9})$
. $(F_{d})$ , $(E_{9})$
FSM .
$u$ $v$ $W$ .
$u,$ $v\in W$, $W=H^{1}(\Omega_{i})$ .
.
$a(u, v)$ $= \int_{\Omega_{j}}\nabla u\cdot\nabla\overline{v}d\Omega_{i}$ , $m(u, v)$ $= \int_{\Omega}$ . $u\overline{v}d\Omega_{i}$ ,
$b(u, v)$ $= \int_{\Gamma_{a}}$ Au $\overline{v}d\Gamma_{a}$ , $G(v)$ $= \int_{\Gamma}g\overline{v}d\Gamma$ .
, $\overline{v}$ $v$ . , $(E_{g})$ $(\Pi_{g})$
.
$(\Pi_{g})\{\begin{array}{l}u\in Wa(u, v)-k^{2}m(u, v)+b(u, v)=G(v),\forall v\in W\end{array}$




$\Gamma_{\rho}$ , $v$ $\Gamma_{\rho}$ ,
$b(u, v)=- \int_{\Gamma_{a}}\frac{\partial u}{\partial r}\overline{v}d\Gamma$ (13)
. , $\Gamma_{a}$ $N$ $b(u, v)$
$b_{N}(u, v)$ .
$b_{N}(u, v)=- \frac{2\pi a}{N}\sum_{j=0}^{N-1}\frac{\partial u(a_{j})}{\partial r}\overline{v(a_{j})}$ . (14)
$a_{j}$
$\Gamma_{a}$ $N$ .
$u$ $\Gamma_{a}$ FSM $u^{(N)}$
. $u^{(N)}$ 32 $(E_{f}^{(N)})$ $f(a)=u(a)$
FSM . $\Gamma_{a}$ . (14)
$u$ $u^{(N)}$ $b^{(N)}(u, v)$ :
$b^{(N)}(u, v)=- \frac{2\pi a}{N}\sum_{j=0}^{N-1}\frac{\partial u^{(N)}(a_{j})}{\partial r}\overline{v(a_{j})}$. (15)
, $\Gamma_{a}$ , $\Gamma_{a}$ $N$ $r_{a}^{(N)}$
. $N$ $r_{a}^{(N)}$ $a_{j,O}\leq j\leq N-1$ , .








. 1 , , $\omega$
$T$ .
$\omega=0.164radian/\sec$ $T=38.407\sec$ fork $=0.01$ .
, 500 $\Gamma_{a}$ ,
$\gamma=0.5$ $N=512$ , FEM-FSM . 5
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$u\alpha\epsilon\prime 0.rightarrow.t\cdot 7$ $r...mrightarrow r\cdot\cdot$ .
$\mapsto 0t0.-.\prime r-mu,-A\{-)$ . $r\iota\tau 0.-n-\sim\sim,-\mathfrak{d}I\cdot$ .
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